We describe a radiochemical method for measuring ferrochelatase activity in the in vitro incorporation of iron into mesoporphyrin-IX to form mesoheme. 59Fe is used to quantify ferrochelatase activity in rat liver. The uptake of ironislinearly related to the time allowed for it to occur, and the reaction proceeds optimally under reducing and anerobic conditions, maintained in sealed lyophilization vials under a positive pressure of nitrogen. Ferrochelatase (protohaem ferro-lyase, EC 4.99.1.1) catalyzes the in vivo insertion of ferrous iron into protoporphyrin-IX to form protoheme. This enzyme also catalyzes the in vitro incorporation of ferrous iron in meso-and deuteroporphyrin-IX. Several procedures have been reported for measuring ferrochelatase activity in liver and other tissues (1). In
Ferrochelatase (protohaem ferro-lyase, EC 4.99.1.1) catalyzes the in vivo insertion of ferrous iron into protoporphyrin-IX to form protoheme. This enzyme also catalyzes the in vitro incorporation of ferrous iron in meso-and deuteroporphyrin-IX. Several procedures have been reported for measuring ferrochelatase activity in liver and other tissues (1) . In
1968, Bottomley
(2) described a method for measuring ferrochelatase activity in bone-marrow lysates under aerobic conditions by using ferrous citrate and protoporphyrin-IX as substrates and reduced glutathione to maintain iron in the ferrous state. About the same time, Porra et al. (3) reported that incorporation of iron into the porphyrin ring was maximum under anerobic conditions. More recently, Bonkowsky et al. (4) described a radiochemical method for measuring ferrochelatase activity in liver and skin fibroblasts that compared favorably with the colorimetric procedure of Porra et al. The colorimetric technique required the use of evacuated Thunberg tubes to make the reaction conditions conducive to enzyme activity. Bonkowsky et al., however, maintained an N2-enriched atmosphere around their reaction medium by performing the technique in capped Erlenmeyer flasks in a Dubnoff metabolic shaker that had been equilibrated with N2.
The procedure we describe requires neither Thunberg tubes nor a shaking water bath as sophisticated as the Dubnoff type, yet allows for the near complete exclusion of ambient oxygen and, in our opinion, allows for a more complete conversion of porphyrin to its corresponding heme. The use of meso-and deuteroporphyrin-IX to measure ferrochelatase activity has been reported (5). The order of reactivity for the in vitro incorporation of Fe2 into the ring system to form their respective hemes was deutero-> meso-> protoporphyrin-IX.
We chose to use mesoporphyrin-IX because of its solubility and availability.
Although ferrous iron may be non-enzymatically incorporated into porphyrin to produce heme under certain conditions (6, 7) , under the conditions we used to evaluate ferro- In conducting the research described in this report, the investigators adhered to the "Guide for Laboratory Animal Facilities and Care," as promulgated by the Committee on the Guide for Laboratory Animal Facilities and Care of the Institute of Laboratory Animal Resources, NAS/NRC.
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Received Sept. 4, 1979 ;accepted Oct. 10, 1970. chelatase activity only the enzymatic incorporation of iron was measured.
Materials and Methods

Reagents
De-ionized water of at least 7 Ml resistance was used to prepare all aqueous reagents (8) .
De-oxygenated
water was prepared on the day of the test by boiling de-ionized water, allowing it to cool under a stream of N2, and keeping it capped until use. 1.0 mL of the hydrolyzing mixture was added; the mixture was refluxed overnight or 12-14 h. Unconverted ester was removed by filtering the hot refluxed mixture through a sintered-glass filter of medium porosity. Mesoporphyrin was quantified spectrophotometrically by preparing a 100-fold dilution of it in 0.1 mol/L HCI and measuring its absorbance at 547 nm by use of the formula
The porphyrin, stored in iron-free containers in the freezer compartment of the refrigerator, was found to be stable indefinitely if kept cold and in the dark.
Stock ascorbic acid solution, 50 g/L, was prepared with
de-oxygenated water just before use. 59FeSO4, 14-28 Ci/G. New England Nuclear, Boston, MA 02118.
Stock iron solution. Dissolve 278 mg of FeSO4.7H20 in 5 mL of de-oxygenated water just before the test.
Working iron solution.Mix together
in an iron-free test tube 0.15 mL of stock iron solution, 0.2 mL of stock ascorbic acid solution, 0.1 mL of 59FeSO4, and 2.55 mL of de-oxygenated water.
Ethyl acetate/glacial acetic acid extraction mixture (4/1 by vol) was saturated with FeSO4.7H2O (4).
Carrier hematin.
Hemin was prepared according to the method of Labb#{233} and Nishida (10) . A 250 mg/L solution in 0.1 mol/L Na2CO3 was stored in the refrigerator.
Rat-liver
tissue. Male rats,Walter Reed strain, 275-400 g, were fasted overnight but given tap water ad libitum. The animals were killed by asphyxiation in a C02-saturated atmosphere and their livers were quickly excised, blotted with gauze, weighed, and placed in ice-cold sucrose-Tris buffer 
Apparatus
Reaction vessels. Lyophilization vials of 20-mL capacity, equipped with a rubber stopper and tear-off seal, and an appropriate crimping tool, were purchased from the Virtis Co., Gardiner, NY 12425.
Method
In the cold at 4 #{176}C or in an ice-water bath, we added the following to the reaction vessels: 0.1 mL of Tween-20, 0.5 mL of mesophorphyrin-IX (about 900-1300 nmol), 2.5 mL of working Tris buffer, and 1.0 mL of rat-liver homogenate.
To account for any non-enzymatically formed heme, we prepared an inactivated enzyme control by placing the contents of a reaction vessel in a boiling water bath for 10 mm before adding the working 59Fe solution and proceeding through the subsequent steps.
After the vials were sealed, part of the tear-off portion was raised, and a stream of N2 was bubbled through the mixture with a long aluminum hypodermic needle for about 3 mm. The needle was removed, and the vials were placed in a shaker bath at 37 #{176}C and allowed to equilibrate for 5 mm. We then added 0.05 mL (500 nmol) of the working iron solution to the vials and incubated the contents for 45 mm. To stop the reaction, we exposed the contents to air and added 0.5 mL of carrier hematin to the vials. The contents were gently mixed and transferred to screw-cap test tubes containing 4 mL of the ethyl acetate/acetic acid extraction mixture. The contents of the test tubes were shaken vigorously and centrifuged. The organic (upper) phase was transferred to a clean screw-cap test tube. A 3-mL portion of the extraction mixture was added to the original reaction vessel and the extraction procedure repeated. The combined extracts were washed once with 5 mL of water. The organic phase was separated from the aqueous phase and was extracted with 3 mL of 1.5 mol/L HCI. The organic (upper) layer, separated from the acid layer by cen- 
Solvent effect.
The possible inhibitory effect of methanol on ferrochelatase activity was evaluated. In addition to the 0.5 mL of methanol in the solubilized porphyrin solution, we added more methanol to the test system and found no effect on the reaction if the total volume of methanol in the system did not exceed 0.75 mL. Amounts over 0.75 mL drastically inhibited enzyme activity (as shown in Figure 3) .
Protein concentration.
The relationship between protein concentration and the quantity of heme formed is essentially linear up to 15.4 mg of protein in the reaction mixture.
Precision
and stability studies.
Within-day and day-to-day measurements were performed on a homogenate of five pooled rat livers. Table 1 shows the results of eight replicate analyses performed on this specimen on different days and indicates Fig. 3 . Effect of methanol on ferrochelatase activity
The assaywas performed with use of 500 nmol of iron and 1000 nmol of porphyrin that there were no significant differences in the within-day and day-to-day variation (p <0.05).
We continued this aspect of the study for over a month. Later studies on unselected samples indicated that the specimens were stable for more than six months if kept at -70 #{176}C or lower temperatures.
The range of values for rat-liver ferrochelatase activity was considerable, from 10 to 40 tmol of heme produced in 45 mm per gram of protein. Typical mean values for normal rat-liver ferrochelatase activity were 19-2 1 tmol of heme formed in 45 mm per gram of protein.
Heme formation as a function
of time. The quantity of heme formed was linearly related to time elapsed during the course of the reaction; this relationship was maintained up to 1.5 h (Figure 4) .
Product inhibition.
We evaluated the effect of excess heme on the conversion of porphyrin to heme. Table 2 shows the effect of additional heme on ferrochelatase activity. At very low concentrations of added heme, there was little effect on the enzyme's activity. As the concentration of added heme approached within 0.5% of heme synthesized, enzyme activity diminished by about 30%. This suggests that heme, in addition to functioning as a negative feedback inhibitor to the production of delta-aminolevulinate, also functions as a product inhibitor to the additional production of heme.
Method of quantification.
We preferred a radiochemical procedure over colorimetry or spectrofluorometry because of its greater sensitivity, especially when labeled materials of high specific activity were used. The incorporation of iron into We agree with others that there was a strict requirement for anerobicity in the enzymatic incorporation of Fe2+ into porphyrin. Because other cations may be inserted into the porphyrin ring system or may compete with Fe2 for binding sites (9) , it is imperative that reagents and glassware be made metal-free.
In vitro techniques involving iron as a reactant should avoid the use of synthetic iron chelators of the EDTA, citrate, or oxalate types, if the intent is to bind iron to a protein or incorporate it into a macromolecule (11, 12) . Using lyophilization vials and conducting the reaction under a positive pressure of N2 and anerobic conditions helped to promote the reaction. Freshly prepared ascorbic acid assured that its full reduction potential would be available to keep iron in the ferrous state (13) .
In summary, we optimized reaction conditions and developed a radiochemical procedure for measuring ferrochelatase, which, because of its sensitivity through use of 59Fewith high specific activity and minimization of 02 content of the reaction, should find great utility in the measurement of this enzyme in other tissues. The greater sensitivity allows use of smaller sample sizes or shorter incubation times, or both. 
